Abstract The goal of our study was to evaluate the origin of the increased O 2 consumption in electrically stimulated left ventricular slices of isoproterenol-induced hypertrophied rat hearts with normal left ventricular pressure. O 2 consumption per minute (mVO 2 ) of mechanically unloaded left ventricular slices was measured in the absence and presence of 1-Hz field stimulation. Basal metabolic mVO 2 , i.e., mVO 2 without electrical stimulation, was significantly smaller, but mVO 2 for the total Ca 2? handling in excitation-contraction coupling (E-C coupling mVO 2 ), i.e., delta mVO 2 (=mVO 2 with stimulation -mVO 2 without stimulation), was significantly larger in the hypertrophied heart. Furthermore, the fraction of E-C coupling mVO 2 was markedly altered in the hypertrophied heart. Namely, mVO 2 consumed by sarcoplasmic reticulum Ca 2? -ATPase (SERCA2) was depressed by 40%; mVO 2 consumed by the Na ? /K ? -ATPase (NKA)-Na ? /Ca 2? exchange (NCX) coupling was increased by 100%. The depressed mVO 2 consumption by SERCA2 was supported by lower protein expressions of phosphorylated-Ser 16 phospholamban and SERCA2. The increase in NKA-NCX coupling mVO 2 was supported by marked augmentation of NCX current. However, the increase in NCX current was not due to the increase in NCX1 protein expression, but was attributable to attenuation of the intrinsic inactivation mechanisms. The present results demonstrated that the altered origin of the increased E-C coupling mVO 2 in hypertrophy was derived from decreased SERCA2 activity (1ATP: 2Ca 2? ) and increased NCX activity coupled to NKA activity (1ATP: Ca 2? ). Taken together, we conclude that the energetically less efficient Ca 2? extrusion pathway evenly contributes to Ca 2? handling in E-C coupling in the present hypertrophy model.
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Introduction
Cardiac hypertrophy is a major risk factor for the development of heart failure and sudden cardiac death. Therefore, to reduce mortality from cardiovascular diseases, elucidation of the mechanisms involved in cardiac hypertrophy is pivotal. It is recognized that activation of the sympathetic nervous system is associated with cardiac hypertrophy and heart failure in humans [1, 2] . In addition, chronic treatment of hearts with an a, b-stimulant, norepinephrine, or a b-stimulant, isoproterenol, induces cardiac hypertrophy accompanied with enhanced fibrosis among cardiac interstitial cells in experimental animal models [3] [4] [5] [6] . So far, various mechanisms for this remodeling have been proposed [5] [6] [7] [8] [9] . We have recently reported that 3-day subcutaneous infusion of isoproterenol to rats induced cardiac hypertrophy with unchanged left ventricular (LV) systolic and diastolic function that was reversible to the control levels after the cessation of infusion [10, 11] . In this model, a significant decrease of mechanical work due to the decrease of LVV (LV volume) was observed. Furthermore, this short-term model did not show any marked differences in the LV mechanical work capability compared to that induced by a 2-week isoproterenol infusion [11] . The expression levels of cardiac sarcoplasmic reticulum (SR) Ca 2? -ATPase (SERCA2), phospholamban (PLB) and phosphorylated Ser 16 (phospho-ser 16 ) PLB (p-PLB) in this model were also decreased, suggesting that the Ca 2? -handling of the cardiac myocyte was already altered [10, 11] . However, functional changes of molecules associated with the Ca 2? handling are not completely understood.
Previously, we demonstrated that the oxygen consumption per minute (mVO 2 ) of the mechanically unloaded slices without electrical field stimulation is related to basal metabolism, and the increments in mVO 2 from the basal metabolic mVO 2 with 1-Hz electrical field stimulation is related to total Ca 2? handling in excitation-contraction (E-C) coupling (E-C coupling mVO 2 ) [12] [13] [14] [15] . Previous reports have reported that freely shortening myocardial slices under mechanically unloaded conditions do not require a significant additional VO 2 for crossbridge cycling [16, 17] . This finding is further supported by our results showing that 5 mmol/l 2,3-butanedione monoxime (BDM: a specific cross-bridge cycling inhibitor) does not affect the rat LV myocardial slice VO 2 , although 5 mmol/l BDM markedly reduces the slice motility [14, 15] . On the other hand, we observed an increase in the slice VO 2 by barium because of the enhanced cross-bridge cycling [12] . This increase in VO 2 was abolished by 5 mmol/l BDM, but not affected by cyclopiazonic acid (CPA; SR Ca 2? -ATPase inhibitor). Therefore, the measured increment in VO 2 by electrical stimulation under the mechanically unloaded condition corresponds to the VO 2 for non-mechanical activities of myocardium [14, 15] .
The aim of the present study was to measure mVO 2 in the LV slice preparation of the hypertrophic heart to provide key information about causes of the altered Ca 2? handling in E-C coupling from the viewpoint of myocardial energetics. If a severe imbalance between larger O 2 demand and smaller O 2 supply elicited by energetically less efficient Ca 2? handling continues in the hypertrophic heart, it leads to heart failure for various reasons, including Ca 2? overload. Some parts of these data have been reported previously in abstract form [18] .
Methods
Experimental procedures followed the regulations of and were approved by the Animal Care and Use Committee of Nara Medical University.
Animals and drug infusion
Male Wistar rats weighing 250-370 g (8-10 weeks) were used in the experiments. Delivery of drug was achieved by implanting an osmotic minipump (model 1003D, Alzet, Durect Corp, Cupertino, CA) subcutaneously in the neck under pentobarbital (50 mg/kg i.p.) anesthesia. Either isoproterenol (2.4 mg kg -1 day -1 for 3 days) or vehicle (0.1% ascorbic acid in saline 2.4 ll/day for 3 days) was infused subcutaneously [3] .
Animals and left ventricular myocardial slice preparation
Male Wistar rats that underwent isoproterenol or saline infusion for 3 days were anesthetized with pentobarbital sodium (50 mg/kg, i.p.). The heart and its slices were prepared as described before [12] [13] [14] [15] . The whole heart was excised under perfusion with Tyrode solution oxygenated with 100% O 2 at 13°C for 5 min. The composition of Tyrode solution (in mM) was 136.0 NaCl, 5.4 KCl, 1.0 MgCl 2 , 0.3 NaH 2 PO 4 , 0.9 CaCl 2 , 10.0 glucose and 5.0 HEPES, with pH adjusted to 7.4 with NaOH at 30°C. After the perfusion, both atria, the four valves including the connective tissue, the aorta and the pulmonary artery were removed from the heart. The heart was longitudinally cut into two or three pieces, and each of the pieces was cut into 300-lm-thick slices in parallel with the epicardium with a microslicer DTK-3000 (Dosaka EM, Kyoto, Japan). The slices with the thickness (300 lm) we chose seem to be sufficiently oxygenated by diffusion, according to the published data and calculation [14, 15, [19] [20] [21] . This cut was chosen so that most fibers were parallel-sectioned to fiber orientation according to the known fiber architecture of the heart wall. We obtained 12-20 slices (average single-side surface area: approximately 30 mm 2 ) from each LV. The slices were stored in Tyrode solution oxygenated with 100% O 2 at 18°C for 30 min, and subsequently at 25°C at least for 30 min. Finally, the mVO 2 of slices was measured between 1.5 and 2.5 h after making slices. Consequently, acute effects of isoproterenol were removed before starting experiments.
Assessment of mVO 2 of LV slices
One or two sets of six to ten LV slices from each heart were used to measure mVO 2 in the absence and presence of electrical field stimulation. Stimulation consisted of 1-Hz rectangular pulses, 0.5 ms in duration and current of 0.4-0.8 mA (voltage: 8-16 V). The direction of stimulation was alternated by a polarity change. We did not find the bubbles of oxygen and hydrogen on the platinum electrodes (distance: 0.5 cm) under a microscope. mVO 2 of each set of slices under mechanically unloaded conditions was measured polarographically with an oxygen electrode (model 1T-125, Instech Labs; Plymouth Meeting, PA) and current amplifier (model 102, Instech Labs) as described previously [12] [13] [14] [15] 22] 
Experimental procedure
Tyrode solutions were oxygenated with 100% O 2 and preheated to 30°C in a water bath. Slices without any mechanical load were placed into the oximetric chamber filled with the prepared Tyrode solution, which was continuously oxygenated. The chamber was warmed with a Microwarm Plate DC-MP10DM (Kitazato, Tokyo, Japan). After the slices were superfused for 10 min in the tightly closed chamber, mVO 2 [13] [14] [15] .
We used the following protocols 1-4 in LV slices from CONT and HYP (Fig. 1) . The second measurement value was used to calculate an average expressed by raw data (Figs. 2, 4) or % of first measurement value in normal Tyrode solution (1st NT) (Fig. 3 ).
Protocol 1
To obtain basal metabolic and E-C coupling mVO 2 , after 25-min superfusion of the slices with normal Tyrode solution (0.9 mM Ca 2? ), the first measurement was performed as described above. Subsequently, the second and third measurements were performed in normal Tyrode solution. Thus, the measurements were repeated three times to ascertain the reproducibility of measurements.
Protocol 2
After the first measurement in normal Tyrode solution, to examine dependencies of basal metabolic and E-C coupling mVO 2 on Ca 2? concentrations within 2.7, 4.5 and 7.2 mM, the second measurement of the slices was performed in Tyrode solution containing each concentration of Ca 2? . The third measurement of the slices was performed in normal Tyrode solution as in protocols 3 and 4.
Protocol 3
After the first measurement in normal Tyrode solution, to examine dependencies of basal metabolic and E-C coupling mVO 2 on dobutamine (Dob; 1, 10 lM), the second measurement of the slices was performed in Tyrode solution containing Dob (1, 10 lM).
Protocol 4
After the first measurement in normal Tyrode solution, to examine the effects of cyclopiazonic acid (CPA; 30 lM) (Sigma; St. Louis, MO) used as a SERCA2 inhibitor [13, 14] , KB-R7943 (KBR; 10 lM) (a gift from Kanebo; Tokyo, Japan) used as a bidirectional-mode NCX inhibitor [23, 24] , and 5-(and -6)-carboxyeosin diacetate (CE; 20 lM) (Molecular Probes, Eugene, OR) used as a sarcolemmal Ca 2? -ATPase inhibitor, though less selective [25, 26] on E-C coupling mVO 2 , the second measurement of the slices was performed. CPA and KBR and CE were dissolved in dimethyl sulfoxide (DMSO), and the solution was further diluted with normal Tyrode solution just before use (1.0-1.3% of DMSO final concentration). This concentration of DMSO did not affect basal metabolic and E-C coupling mVO 2 [13, 14] .
From our previous results, we revealed that KBR at 10 lM almost completely blocked reverse-mode NCX for initial reperfusion for 5 min and forward-mode NCX during the following 10-min perfusion upon ischemic reperfusion [23] . Furthermore, KBR (10 lM) was always added after treatment with CPA to minimize any non-specific effects. In this protocol, field stimulation was performed for the former 5 min during the 10-min superfusion with CPA, CPA ? KBR, or CPA ? KBR ? CE (Fig. 1 ).
Histological analysis LV was fixed with 3.7% paraformaldehyde in phosphatebuffered saline, embedded in paraffin, and cut into 6-lm slices, which were stained with hematoxylin-eosin for morphological analysis or with Masson's trichrome (MTC) staining for detection of fibrosis.
Polyacrylamide gel electrophoresis and Western blots for SERCA2, PLB, NCX1, PLM, NKA and p-PLB Membrane proteins were isolated from the left ventricular wall of each frozen heart. The frozen hearts were Comparison of mean basal metabolic mVO 2 and excitationcontraction (E-C) coupling mVO 2 between LV slices from HYP (n = 12 sets from 6 hearts) and LV slices from CONT (n = 10 sets from 5 hearts). *P \ 0.05 vs. CONT. **P \ 0.001 vs. CONT. Upper insets indicated the method for preparing the LV slice homogenized and centrifuged at 1,0009g for 10 min. The supernatants were centrifuged at 100,0009g for 60 min at 4°C. The 100,0009g pellets were cellular membrane fractions and used for immunoblotting of SERCA2, phospholamban (PLB), Na ? /Ca 2?
exchanger-1 (NCX1), phospholemman (PLM), Na ? /K ? -ATPase a-1 (NKA) and phosphorylated-Ser 16 PLB (p-PLB). The same amounts of membrane proteins (10 lg/lane) were separated on SDS-polyacrylamide gels (10% for SERCA2 and NKA, 15% for PLB, p-PLB and PLM, and 7.5% for NCX1) in a minigel apparatus (Mini-PROTEAN II, Bio-Rad) and transferred to polyvinyliodene difluoride membranes. The membranes were blocked (4% Block Ace, Dainippon Pharmaceutical Co., Osaka) and then incubated with anti-SERCA2 antibody (1:1,000 dilution, Affinity Bio Reagents), anti-PLB antibody (1:2,000 dilution, Upstate Biotechnology), anti-p-PLB (Ser 16 ) antibody (1:1,000 dilution, Upstate Biotechnology), anti-NCX1 antibody (1:200 dilution, a generous gift from Dr. Iwamoto, Fukuoka University), anti-PLM antibody (1:100 dilution, ABGENT), or anti-NKA antibody (1:10,000 dilution, Upstate Biotechnology). The antigens were detected by the luminescence method (ECL Western blotting detection kit, Amersham) with peroxidase-linked anti-mouse IgG (1:2,000 dilution) or peroxidase-linked anti-rabbit IgG (1:2,000 or 1:5,000 dilution). The amounts of membrane proteins were determined to obtain the linear response of ECL-immunoblot. After immunoblotting, the film was scanned with a scanner, and the intensity of the bands was calculated by NIH image analysis.
Myocytes study
Cell isolation
The rats were deeply anesthetized by intraperitoneal injection of pentobarbital sodium ([0.1 mg/g body weight). LV myocytes were dissociated from the hearts as described in previous studies [27] . The dissociated myocytes were kept in a HEPES-buffered DMEM solution (ICN Biomedicals) and used for the patch clamp and fluorescence studies within 8 h. All procedures were approved by the Animal Research Committee of the Graduate School of Medicine, Kyoto University.
Solutions
The standard pipette solution contained (in mM) 30 [28] .
Electrophysiology
The myocytes were voltage clamped using the whole cell method with an Axopatch 200B amplifier (Axon Instruments). Holding potential was -40 mV. Current-voltage (I-V) relationships were measured by applying ramp pulses and normalized by membrane capacitance. I NCX was induced by applying 2 mM Ca 2? for 5 or 30 s at intervals of 30 or 120 s and determined as the difference current in the same manner as described in our previous studies [27, 28] . I NKA was induced similarly by applying 10 mM K ? [29, 30] . The cell size was evaluated by measuring cell area using a cooled CCD camera (ORCA-ER, Hamamatsu Photonics).
[Na ? ] i fluorescence measurements
[Na ? ] i was monitored by dual-wavelength ratio imaging of a Na ? -sensitive dye, sodium-binding benzofuran isophthalate (SBFI, Invitrogen). Isolated myocytes were loaded with 10 lM SBFI-AM for 90 min at 21°C in the HEPES-buffered D-MEM solution containing non-ionic surfactant Pluronic F-127 (0.05% w/v). After washing out the external dye, we allowed SBFI AM to de-esterify for 20 min before proceeding with [Na ? ] i measurements. The loaded myocytes, which were settled onto the glass bottom of a recording chamber mounted on an inverted microscope (Eclipse TE2000, Nikon, with a 920 objective), were superfused with the NT at 30°C and electrically stimulated at 1 Hz. Fluorescent image pairs of single cells (excitation at 340 and 380 nm; emission of [510 nm) were acquired using the cooled CCD camera. At the end of each experiment, a calibration was performed according to the methods by Despa et al. [31] . In brief, myocytes were exposed to various 
Results
We confirmed first a formation of HYP in rats treated with the isoproterenol infusion. The thickness of the LV free wall was significantly increased, and each LV and right ventricle (RV) dry and wet weight ratio to body weight also significantly increased from CONT (Table 1) . Cell size, measured with area of myocyte, was also significantly larger in HYP than the one of CONT. These data are substantially the same as those previously reported by us [10] .
Collagen accumulation
Distinct collagen accumulation was confirmed in the HYP slices used in the present study, as shown by previous papers including ours [9, 10] . Our data also indicated that collagen contents measured by hydroxyproline methods in HYP (1.69 ± 0.21% collagen/LV dry weight; n = 6) were significantly (P \ 0.05) larger than those in CONT (1.33 ± 0.23% collagen/LV dry weight; n = 5), though the difference was small. Basal metabolic mVO 2 without stimulation in the HYP slices (19.7 ± 1.9 llO 2 min -1 g -1 ; n = 12 sets from 6 hearts) was significantly smaller than that of the CONT slices (23.5 ± 1.6 llO 2 min -1 g -1 ; n = 10 sets from 5 hearts) (Fig. 2) . The basal metabolic VO 2 of the whole heart measured by arresting it with KCl (0.03 mM) was 24.3 llO 2 min -1 g -1 (resting VO 2 ; 8.1 mW g -1 or 2.43 mlO 2 min -1 100 g -1 ) [32, 33] . These data are in good agreement with the present results and those from the Alpert and Gibbs laboratories in regard to the activation or tension-independent heat [34] .
Delta mVO 2 in the HYP slices was significantly, but moderately larger than that of the CONT slices (14.5 ± 3.7 vs. 11.7 ± 2.3 llO 2 min -1 g -1 ) (Fig. 2) , suggesting that the energy expenditure for total Ca 2? handling in E-C coupling is accelerated in the HYP slices. ] o -dependent manner, respectively (Fig. 3a, b ). There were no significant differences in the responses to [Ca 2? ] o between CONT and HYP slices. These data indicated that overall [Ca 2? ] o -dependence of energy expenditure for Ca 2? handling is not markedly affected in HYP slices.
In contrast, dobutamine, a b-adrenergic receptor stimulant, did not increase E-C coupling mVO 2 at 1-10 lM in the HYP slices, while it dose-dependently increased E-C coupling mVO 2 in the CONT slices (Fig. 3c, d) . These data suggested a possibility for a downregulation of b-adrenergic receptors in isoproterenol-induced hypertrophied hearts for only 3 days.
Origin of E-C coupling mVO 2 To explore mechanisms of the alteration of E-C coupling mVO 2 in the HYP heart, we studied the contributions of SERCA and NCX to the E-C coupling mVO 2 as shown in Fig. 4 . To obtain reliable values, Tyrode solution containing CPA, CPA ? KBR, or CPA ? KBR ? CE was applied to LV slices.
Inhibition of SERCA by CPA (30 lM) significantly (P \ 0.05) decreased the mean E-C coupling mVO 2 both in the CONT (n = 7 sets) and HYP slices (n = 8 sets) compared to each no treatment (none in Fig. 4a, b) . However, the remaining mean delta mVO 2 in HYP slices (53.7 ± 15.4% of 1st NT) was significantly (P \ 0.01) larger than the one in the CONT slices (26.8 ± 7.7% of 1st NT). KBR at 1 lM can selectively inhibit reverse-mode NCX [24] , but KBR at 10 lM can inhibit bidirectionalmode NCX as described in ''Materials and methods'' [23] . The following suppression of NCX by a combination of 30 lM CPA and 10 lM KBR further decreased mean E-C coupling mVO 2 almost to zero in CONT slices (n = 10 sets) (Fig. 4a) and to 13.2 ± 8.2% of 1st NT in the HYP slices (n = 6 sets) (Fig. 4b) . In the presence of CPA, [Ca 2? ] i must have increased, and thus forward-mode NCX must have been activated. Therefore, this decreased mean E-C coupling mVO 2 by 10 lM KBR in the presence of CPA was consumed by Na ? /K ? -ATPase (NKA) coupled to NCX [23, 32] . An addition of 20 lM CE, a blocker of PMCA, which has a lower selectivity, did not further decrease mean E-C coupling mVO 2 in the HYP slices (n = 9 sets) (Fig. 4b) . These data are summarized in Fig. 4c . Mean E-C coupling mVO 2 consumed by SERCA2 was smaller in HYP slices (46%) than in CONT slices (77%). On the contrary, mean E-C coupling mVO 2 consumed by Na ? /K ? -ATPase (NKA) coupled to NCX [23, 32] was larger in the HYP slices (40%) than in the CONT slices (20%) (Fig. 4c) . These data demonstrated that SERCA2 is downregulated and the NKA-NCX coupling is upregulated in the HYP heart at the functional level. The third small component of E-C coupling mVO 2 was not determined yet. However, in longer-term isoproterenolinduced cardiac hypertrophy, functional evidence for enhanced Na
? /H ? exchange-1 (NHE-1) activity has been reported [35] . Accordingly, the NKA-NHE-1 coupling may contribute to the third small component of E-C coupling mVO 2 .
Comparison of immunoblottings of SERCA2, PLB, p-PLB, NCX1, PLM and NKA between CONT and HYP Expression of proteins representative in E-C coupling was studied with Western blot analysis in Fig. 5 . Summarized data of SERCA2, PLB, p-PLB, NCX1, PLM and NKA expression in HYP (n = 5-6 hearts) in comparison with CONT (n = 5 hearts) indicated that protein levels of SERCA2, PLB and p-PLB were significantly lower in HYP than CONT. Protein level of NCX1, however, was not significantly different between CONT and HYP.
Protein level of PLM was significantly higher, and the one of NKA was significantly lower in HYP than CONT (Fig. 5) .
The decrease in the expressions of p-PLB and SERCA2 is probably the major cause of the decrease of E-C coupling mVO 2 consumed by SERCA2. However, the unaltered expression of NCX and slightly decreased NKA expression are apparently inconsistent with the increase in E-C coupling mVO 2 consumed by the NKA-NCX coupling. NCX and NKA functions were further assessed by directly measuring the transporter-mediated current in the following experiments.
Functional study of NCX and NKA The steady state current-voltage relationship of NCX current (I NCX ) was measured in voltage-clamped ventricular myocytes. I NCX density was approximately two-fold larger in myocytes dissociated from HYP than the one of myocytes from CONT at all the membrane voltage examined (Fig. 6a) . The intrinsic inactivation mechanisms of NCX1 [28, 36, 37] was assessed in a manner similar to a previous study [28] in Fig 6b. Slower inactivation of I NCX was observed in myocytes from HYP, suggesting the attenuation of inactivation mechanisms. The mean time constant of I NCX inactivation in HYP myocytes (n = 7) was significantly larger than that in CONT myocytes (n = 4) (11.4 ± 1.6 s vs. 8.4 ± 1.2 s) (Fig. 6c) . It was likely that the augmentation of I NCX density in the HYP without the increase in protein expression was caused by the decrease in inactive NCX, i.e., the increase in functionally active NCX.
Although the protein level of NKA was significantly lower in HYP than CONT (Fig. 5) , there were no significant differences in I NKA density between CONT and HYP myocytes (Fig. 7a) . Therefore, it is concluded that the increase in E-C coupling mVO 2 consumed by the NKA-NCX coupling is mainly caused by the functional upregulation of NCX.
[Na ? ] i fluorescence measurements As expected, [Na] i , which was measured with a Na ? -sensitive dye (SBFI) during 1-Hz field stimulation, had a similar level in myocytes dissociated from CONT (19.4 ± 3.5 mM; n = 13) to that in HYP (17.8 ± 3.9 mM; n = 8) (Fig. 7b) .
Discussion
The most important finding in this study was that delta mVO 2 (=?St mVO 2 -(-St mVO 2 )), which is associated with the total Ca 2? handling in E-C coupling [14, 15] , moderately but significantly increased in the present HYP (see Fig. 2) . The E-C coupling mVO 2 s were tightly related to SERCA2 and to NKA coupled with NCX. The contribution of SERCA2 was decreased and that of NKA-NCX coupling was increased in HYP. The functional attenuation of SERCA2 was supported by the lower protein level of p- Fig. 4 Effects of CPA, CPA ? KBR and CPA ? KBR ? CE on E-C coupling mVO 2 in CONT (a) (n = 10-12 sets from 5-6 hearts) and HYP (b) slices (n = 8-14 sets from 4-7 hearts). Each bar shown in a and b was not series data. Ordinate axis: E-C coupling mVO 2 values by each second measurement. c Origin of E-C coupling mVO 2 PLB and SERCA2 (see Fig. 5 ). Probable reasons for this depression of SERCA2 activity in the present HYP would be activation of the MAPK kinase (MKK)6-p38 mitogenactivated protein kinase (MAPK) signaling pathway participating in downregulation of the SERCA2 gene transcription and the consequent activation of the calcineurin/nuclear factor of the activated T cells (NFAT) pathway [38] , although decisive reasons were not yet clarified. Furthermore, it is possible that NFAT3 in concert with GATA4 could be involved in downregulation of the expression of the SERCA2 gene during cardiac hypertrophy [38] .
The increase in E-C coupling mVO 2 consumed by the NKA-NCX coupling was not caused by the upregulation of protein expression of either NKA or NCX. Our study actually demonstrated that the increase in active NCX, which was caused by the attenuation of inactivation, is the major cause of the increase, although the inactivation (I 1 and I 2 inactivation) [28, 36, 37] could not be distinguished by the present protocol. Concomitant changes in other proteins, such as PLM, might also be related to the attenuation, but the underlying mechanisms need to be further clarified. Accordingly, it is plausible that the increase in Na ? influx via forward-mode NCX results in the increased [Na] i , which in turn increases the Na ? efflux via NKA. Consequently, changes in [Na] i would be small. The actually observed increase in E-C coupling mVO 2 in hypertrophic hearts supports this speculation, although further studies are needed.
On the other hand, it was found that in isoproterenolinduced hypertrophied left ventricular myocytes of rats by 7-day treatment, the density of the NKA current was reduced by 40%, and the intracellular Na ? content was increased by 55% [39] . These findings may explain the propensity for arrhythmias seen in this model of hypertrophy [39] . In the present study, [Na] i , which was measured with a Na ? -sensitive dye (SBFI) during 1-Hz field stimulation, had a similar level in myocytes dissociated from CONT (19.4 ± 3.5 mM; n = 13) to that in HYP (17.8 ± 3.9 mM; n = 8). The difference in our results might have resulted from a different administration method (intraperitoneal injection vs. osmotic pump), dose (5 mg/kg once daily vs. 2.4 mg kg -1 day -1 ) and term (7 vs. 3 days). Interestingly, in the failing heart of hypothyroid rats, the O 2 consumption for total Ca 2? handling in the E-C coupling significantly decreased, but did not increase [40] . Thus, the remodeling of Ca 2? handling in the E-C coupling may depend on causal factors for heart failure. Theoretically, energy demand for Ca 2? uptake by SERCA2 (1ATP: 2Ca 2? ) (recirculation fraction; RF) is one-half of that for Ca 2? extrusion mediated via forwardmode NCX coupled to NKA (1ATP: 1Ca 2? ) (1-RF) [32, 41] . Accordingly, when the contribution of energetically more efficient SERCA2 for Ca 2? uptake was less prominent and the contribution of energetically less efficient forward-mode NCX for Ca 2? extrusion coupled to NKA was more prominent, myocardial O 2 consumption for total Ca 2? handling in the E-C coupling increased like in the hypertrophic model. Thus, the Ca 2? handling mechanism in E-C coupling in the hypertrophic heart is energetically less efficient than in controls. Since the prominent NCX to NKA coupling works in compensation for depressed SERCA2 activity, intracellular Ca 2? levels at the resting and/or excited states would be unaltered in the present short-term hypertrophic heart. Although the relaxation rate in the hypertrophic heart was somewhat slower than in the control hearts [42] , our findings that systolic and diastolic functions were unchanged [11, 12] further supported this speculation.
In the previous study on NCX inactivation (28), fast and slow components were found in the NCX current decay during external Ca 2? application. The fast component was attributed to the inactivation process (time constant = 3-5 s) and the slow component to Na ? depletion/Ca 2? accumulation under the plasmalemma (time constant = several tens of seconds). In our current study (Fig. 6b, c) , the contribution of Na ? depletion/Ca 2? accumulation was probably small because the amplitude of external Ca 2? -induced NCX current was about 50-30% of the one in the previous study [28] . In fact, we could not detect the slower component in either CONT or HYP. Although the possibility of intracellular ion changes could not be completely negated, we assumed the decay of NCX current was largely due to the intrinsic inactivation of NCX.
According to the previous studies [28, 36] , the majority of NCX was expected to be recovered from the inactive states in the absence of both external Na ? and Ca 2?
(experiments in Fig. 6b , c) and to locate in the active state. Applying external Ca 2? initiated Na ? -Ca 2? exchange cycle and the inactivation processes. Therefore, the peak amplitude of NCX current under this condition reflects the total number of NCX. Interestingly, no significant difference in the peak NCX current was observed between the two groups: 1.48 ± 0.21 (CONT) vs. 1.20 ± 0.45 (HYP) pA/pF. This might be in line with the result of Western blots (Fig. 5) . On the other hand, in the presence of external Na ? , NCX was expected to locate in both active and inactive states (experiments in Fig. 6a) , and applying Ca 2? did not initiate measureable inactivation. Therefore, the difference in NCX current density found in Fig. 6a suggests the increase in active NCX, i.e., a decrease in inactive NCX.
It has been shown that myocardial substrate metabolism influences LV energetics in in situ hearts [43, 44] . The present experiment was completed in the sufficiently oxygenated Tyrode solution containing 10 mM glucose at a mechanically unloading state, lower temperature (30°C) and low frequency of field stimulation (1 Hz). Thus, the cardiac energy substrate is thought to be exogenous glucose. The myocardium becomes a net lactate producer only when there is accelerated glycolysis in the face of impaired oxidation of pyruvate, such as occurs with ischemia [44] . Actually, in this study, we detected no lactate in the perfusion solution of the LV slice throughout the experiments. Therefore, the contribution of anaerobic glycolysis is negligible in this study.
To evaluate LV function in in situ rat hearts, the systolic pressure-volume area (PVA) has been proposed as a good mechanoenergetic index [45, 46] . PVA, which is a total mechanical energy per beat, has been shown to linearly relate with myocardial O 2 consumption per beat in in vitro cross-circulated (blood-perfused) rat hearts [23, 40, 47] . PVA-independent myocardial O 2 consumption at PVA = 0 corresponds to energy requirements for Ca 2? handling in E-C coupling and basal metabolism [15, 23, 32] . Using this cross-circulated whole heart preparation of the same HYP model as the present one, we found that PVA-independent myocardial O 2 consumption was unchanged compared to CONT (our unpublished observation). This result is consistent with the present one showing a nearly equal sum of E-C coupling and basal mVO 2 values between CONT and HYP slices (see Fig. 2 ). The results indicated that the present oximetric system using rat LV slices enables us to evaluate LV energetics even in an HYP model under mechanically unloaded conditions (PVA = 0).
Mean mVO 2 without stimulation in the CONT slices corresponded to basal metabolic mVO 2 obtained by KCl arrest in blood-perfused whole heart preparations [23, 40, 47] , supporting the reliability of the basal metabolic mVO 2 value obtained in the CONT slices. The basal metabolic mVO 2 significantly decreased in the HYP slices. The mechanisms associated with basal metabolic mVO 2 have not yet been revealed. However, modulation of NKA activity is not probably the cause, because NKA current density was not decreased in myocytes from the present HYP, although the slightly decreased NKA and the increased PLM protein levels suggested a possibility for depression of NKA activity [48] .
Changes of energy reserve in cardiac myocytes are also unlikely because the mean PCr/ATP (b-ATP) ratio of LV slices of the same HYP model without stimulation was unchanged compared to CONT (our unpublished observation). It is plausible that altered mitochondrial energy metabolism, altered mechanically unloading condition by contractile states, differences in slice composition (increased collagen accumulation) or any of a number of factors contributes to the decreased basal metabolic mVO 2 .
In conclusion, the E-C coupling mVO 2 was moderately increased in the Iso-induced hypertrophied hearts. Decreased SERCA2 activity and increased NCX activity coupled with NKA contribute to the increase in E-C coupling mVO 2 . Therefore, the Ca 2? handling mechanism in E-C coupling in the hypertrophied heart is energetically less efficient. This mechanoenergetic imbalance may have a deleterious effect on the progress of heart failure.
